The selection of an oxygenator for cardiopulmonary bypass surgery is often made with the assumption that all modern hard shell oxygenators perform equally well. The choice is then based on compatibility of the device with existing components of the bypass system, the service provided by the suppliers, and constantly assuming more importance, price.
In order to determine whether the five available hard shell oxygenators are indeed comparable in terms of safety and efficiency, we have assessed their performance during surgery.
METHOD One hundred and nineteen consecutive patients undergoing cardiopulmonary bypass with a bubble oxygenator were assigned either a Harvey H 1500** (27 patients), Harvey H availability, the allocation of oxygenators was not random, but patient characteristics were analysed to determine whether each oxygenator group had a similar disposition. These characteristics were age, sex, weight, surface area, type of operation, cardiopulmonary bypass time and prebypass platelet count, plasma free haemoglobin and haemoatocrit. A crystalloid prime of 1500 ml was used for each oxygenator. This prime was circulated for 10-15 minutes through a Bentley or Harvey prebypass filter, and then 500 ml crystalloid removed and 500 ml stable plasma protein solution (human) added. during the cross-clamp period, and iced saline circulated through the pericardial cavity. The volume of blood held up in the oxygenating column and defoamer was measured on 5 occasions for each type of oxygenator. This was done by circulating fluid at 0.5 litres per minute with a gas flow of 4 litres per minute for 10 minutes. The level in the arterial reservoir was measured and then the pump flow ceased. The increase in volume in the arterial reservoir after 5 minutes was recorded.
Blood flow was measured by using a calibrated roller pump. Total gas flow was adjusted to achieve an arterial P02 of about 200 mmHg. Carbogen (approx. 5070 C02 and 95070 02) was used to achieve an arterial PC02 between 35-40 mmHg. Arterial blood gases were taken at 10 minute intervals. Plasma free haemoglobin, platelet count, and haematocrit were determined just before and at completion of bypass. Haematocrit was measured every 10-15 minutes during bypass, and a platelet count performed after 20 minutes bypass. A platelet count was done about 2 hours after bypass and on the first postoperative day. Comparisons of plasma free haemoglobin, platelet count, and heat exchanger performance were made by analysis of covariants.
RESULTS

Patient characteristics jor each oxygenator group (Table 1)
Analysis of variants revealed that each group was similar in terms of age, weight, surface area, prebypass haematocrit, haematocrit during bypass, and total bypass time. Operations performed for each oxygenator group (Table 2) A chi squared contingency table was constructed and each oxygenator group was similar with respect to operations performed. Blood gas tensions (Table 4) The mean arterial oxygen and carbon dioxide tensions achieved for the whole of bypass are shown in Table 4 , and the average total gas flow during bypass is seen in Table 3 . Heat exchanger performance (Table 5) As the heat exchanger water temperature was reduced in the latter stages of rewarming with the Optiflo 11 and Harvey 1500 so that arterial blood temperature never exceeded 38 cC, these are the only two oxygenators directly comparable. Peripheral resistance was calculated for each oxygenator during the rewarming period and entered as a covariant in the analysis. The Optiflo 11 rewarmed significantly more rapidly than H1500 (p < 0.05). Plasma Free Haemoglobin (Table 6) Prebypass plasma free haemoglobin was similar for each oxygenator group. The post bypass plasma free haemoglobin was analysed using covariants of average total blood, average total gas flow, average arterial P02, average arterial PC02, and total bypass time. There was no significant difference between the Anaesthesia and Intensive Care. Vol. X. No. I. February, 1982 oxygenator groups for post bypass plasma free haemoglobin. Platelet Counts (Table 7) Platelet counts taken before bypass were similar for each group. There was also no difference between platelet counts taken 2 hours postoperatively or on the next day. H 1500, however, had significantly more platelets present after 20 minutes of bypass than the other oxygenators. This difference had disappeared by the time the patient returned to the ward (p < 0.05).
Volume retention in oxygenator defoamer
Harvey 1500 and S l00A both had a volume of 250 ml retained (SD 22 ml and 40 ml respectively). The Bos 10 and Optiflo 11 had lesser volumes of 120 ml (SD 15 ml) and 100 ml (SD 13 ml) respectively.
Quality Control
Packaging and presentation of each product was satisfactory. No structural defects in any of the 119 oxygenators were evident during bypass circuit connection. DISCUSSION This study confirmed that the five hard shell oxygenators assessed were reliable and efficient in clinical practice. While the patients included in each oxygenator group were not randomly selected, the characteristics of each group important in the context of this study were similar (Tables 1, 2). Direct comparison of the oxygenating efficiency of each device cannot be made as we measured only arterial oxygen tensions and not venous and arterial oxygen content. As patient age, weight, surface area, temperature and haematocrit were statistically similar for each oxygenator group and as all patients were paralysed, it is probably reasonable to assume that the venous oxygen content for each group was similar. The arterial gas tensions under these circumstances should then reflect oxygenating ability. All oxygenators achieved satisfactory P02 levels. In fact, the oxygen tensions achieved were higher than intended and this may have disadvantages. High total oxygen tensions reduce the gradient available for absorption of gaseous microemboli before these reach the tissues. l In addition, the nearer the total dissolved gas tension approaches atmospheric pressure, the more likely are free gas emboli to occur in areas of sudden change of flow pattern. 2 In order to achieve lower arterial oxygen tensions we could have used lower total gas flows. This would reduce blood trauma from gas-blood interface interaction. In the absence of almost instantaneous and frequent measurement of oxygen tension, however, this may result in occasionally low oxygen tensions. Each oxygenator removed excessive carbon dioxide from the arterial blood and the normocarbic C02 tensions were achieved by including carbon dioxide in the inspired gas mixture.
Heat exchanger performance is difficult to assess in the clinical situation. For a given heat exchanger, rapidity of rewarming will depend on water temperature, water flow through the device, arterial blood temperature reached, the blood flow rate and whether pulsatile flow is used. Patient characteristics affecting the time for rewarming include body weight, muscle mass, fat mass, viscosity of the blood, and systemic vascular resistance. Muscle and fat mass are difficult to quantitate, but the sex distribution and body weight for each oxygenator group was similar. In this study initial body temperature (28°C), water flow, blood flow, patient body weight and haematocrit during rewarming were all similar. The Harvey H1500 has previously been found to have a more efficient heat exchanger than Harvey HlOOO.3 All oxygenators rewarmed at a satisfactory rate for clinical convenience.
Plasma free haemoglobin levels immediately after bypass varied widely, and there was no significant difference in levels for different devices. This is to be expected as free haemoglobin during bypass is influenced most importantly by the amount of pericardial suction performed and the extent of cardiotomy suction from within the cardiac cavity. The number of open heart operations (as opposed to coronary artery grafts) is similar for each oxygenator group. The plasma free haemoglobin levels are occasionally high but this is accepted as an accompaniment of our policy of blood conservation. 4 Although platelet function was not assessed platelet numbers were maintained at a satisfactory level at the completion of bypass. For each oxygenator group, the mean platelet count exceeded 100,OOO/mm 3 at the end of bypass. Counts had increased by the time the patient returned to the ward, and by the next day. Thrombocytopenia develops on the initiation of cardiopulmonary bypass and possible mechanisms include dilution by the priming solution, filtration of aggregated platelets in the arterial line filter or in the patient microcirculation, adhesion of platelets to the surface of the extracorporeal circuit, and consumption by clotting within the bypass system. 5 Platelet counts in this study were well preserved when compared with other studies. 4 ,6-8 The higher platelet count seen after 20 minutes of bypass with Harvey H1500 is interesting. For how long this difference is maintained is uncertain. The immediate postbypass platelet count was higher than for the other oxygenators, though this difference was not significant. When fluid return to an oxygenator stops for any reason during bypass, a residual amount of blood held in the oxygenating and defoaming part of the device falls into the arterial reservoir. This is called the static "hold-up" volume. The larger this volume the smaller the volume of prime available in the arterial reservoir during perfusion, and the greater the volume of fluid held outside the patient's own circulation. A small hold-up volume is an advantage in small or anaemic patients, as the ratio of priming volume to the patient's blood volume is smaller. Cobe Optiflo 11 and Bentley Bos 10 had the smallest hold-up volume. Although it is not possible to quantitate the physical attributes of the various devices, they are important provided gas exchange, heat exchange, and blood component preservation are satisfactory. Good visibility, small static hold-up volume, built-in taps for venous and arterial blood sampling, ports for arterial and Anaesthesia and Intensive Care, Vo/. X, No. 1, February, 1982 venous blood temperature monitoring and a single gas venting port are all important characteristics and provide safety for the patient and convenience for the operator. While all the oxygenators studied were consistently of high quality and performed well, not all provide these additional favourable characteristics.
